A GING is associated with loss of muscle mass, muscle strength, and muscle quality, and studies show that the decline in muscle strength exceeds the decline in mass (1) (2) (3) (4) . Furthermore, previous studies show that muscle strength is a stronger predictor of functional limitation and poor health than muscle mass (2, 5, 6) . To prevent and alleviate accelerated age-related declines in skeletal muscle mass, strength, and quality, we need to understand the underlying mechanisms. An excessive amount of adipose tissue may contribute to sarcopenia and may be one mechanism underlying accelerated loss of muscle mass and strength with aging.
The influences of body fat on skeletal muscle are likely complex. Numerous studies show that negative energy balance induced by either diet or exercise leads to loss of both fat and lean mass, and one study suggested that the amount of body fat at baseline was negatively associated with the proportion of weight lost as lean mass (7) . This notion is in accordance with the function of fat mass as energy storage. Age-related loss of muscle mass is accompanied by fat gain in older adults (8) (9) (10) . Therefore, fat mass may play a role in age-related muscle loss through many metabolic consequences of adipose tissue (11, 12) . Excess adiposity depresses anabolic action of insulin in stimulating protein synthesis (13) , which may contribute to progressive loss of muscle mass, strength, and quality. In addition to its function in energy storage, fat tissue also secretes many adipocytokines such as interleukin-6, tumor necrosis factor-a, and leptin (14) that may have a catabolic effect on muscle, thus decreasing muscle mass and strength (15) (16) (17) (18) . Therefore, cytokines may mediate the link between higher fat mass and loss in muscle mass and strength.
The Health, Aging, and Body Composition study, with a large sample of community-based older adults and repeated dual energy X-ray absorptiometry (DXA) measures of body composition and muscle strength over time, provides a unique opportunity to assess the interplay between fat and lean mass, muscle strength, and muscle quality. We examined the association of baseline total body fat with changes in leg lean mass, muscle strength, and muscle quality over 7 years of follow-up. Additionally, we determined whether the potential link between fat mass and muscle mass, muscle strength, and muscle quality loss was explained by increased levels of adipocytokines and insulin resistance.
Methods

Study Population
The Health, Aging, and Body Composition study is a longitudinal cohort study consisting of 3,075 initially wellfunctioning, community-dwelling, 70-to 79-year-old black and white men and women. Participants were identified from a random sample of white Medicare beneficiaries and all age-eligible black residents in designated zip code areas surrounding Memphis, Tennessee, and Pittsburgh, Pennsylvania. Participants were eligible if they reported no difficulty in walking one quarter of a mile, going up 10 steps without resting, and performing basic activities of daily living. Participants were excluded if they reported a history of active treatment for cancer in the prior 3 years, planned to move out of the study area in the next 3 years, or were currently participating in a randomized trial of a lifestyle intervention. Baseline data, collected between April 1997 and June 1998, included an in-person interview and a clinic-based examination, with evaluation of body composition, clinical and subclinical diseases, and physical functioning. We selected participants with at least two leg lean mass and muscle strength measurements (n = 2,593). Participants with missing data on baseline fat mass (n = 9) and on all cytokines or insulin resistance (n = 277) were excluded, leaving 2,307 participants for the current analyses. All participants signed informed written consent forms approved by the institutional review boards of the clinical sites.
Measures
Body composition.-Body weight was measured annually to the nearest 0.1 kg with a standard balance beam scale. Body height was measured to the nearest 0.1 cm using a wall-mounted stadiometer. Total fat mass and total bonefree lean mass were acquired from total body scans using fan-beam dual energy X-ray absorptiometry (Hologic QDR 4500A; Hologic, Bedford, MA). The validity and reproducibility of the dual energy X-ray absorptiometry scanner have been reported previously (19, 20) . Longitudinal performance of the two scanners was monitored with Hologic whole-body phantoms. The Pittsburgh scanner overestimated total mass by about 2% compared with scale weight. It has also been determined that the Hologic 4500 overestimates fat-free mass compared with criterion methods by about 5% (21) . Total and regional participant body composition data were corrected accordingly. Leg lean mass was assessed in Years 1, 2, 3, 4, 5, 6, and 8.
Muscle strength and muscle quality.-Knee extension strength was measured concentrically at 60° per second on an isokinetic dynamometer (Kin-Com dynamometer, 125 AP; Chattanooga, TN). The right leg was tested unless there was a contraindication such as joint replacement or knee pain. The maximum muscle torque (Newton meters) was calculated from the average of three reproducible and acceptable trials from a maximum of six. Participants with a systolic blood pressure greater than or equal to 200 mmHg, diastolic blood pressure greater than or equal to 110 mmHg, or who reported a history of cerebral aneurysm, cerebral bleeding, bilateral total knee replacement, or severe bilateral knee pain were excluded from testing (12.7% of original cohort). Muscle strength was assessed in Years 1, 2, 4, 6, and 8. Muscle quality was calculated as muscle strength divided by leg lean mass of the tested leg ( Newton meters per kilogram).
Adipocytokines.-Measures of the cytokines interleukin-6 and tumor necrosis factor-a and for C-reactive protein were obtained from frozen-stored plasma or serum. Fasting blood samples were obtained in the morning, and after processing, the specimens were aliquoted into cryovials, frozen at −70°C, and shipped to the Health ABC Core Laboratory at the University of Vermont. Cytokines were measured in duplicate by enzyme-linked immunosorbent assay kits from R&D Systems (Minneapolis, MN). The detectable limit was 0.10 pg/mL for interleukin-6 (by HS600 Quantikine Kit) and 0.18 pg/mL for tumor necrosis factor-a (by HSTA50 Kit). Serum levels of C-reactive protein were also measured in duplicate by enzyme-linked immunosorbent assay based on purified protein and polyclonal anti-C-reactive protein antibodies (Calbiochem, San Diego, CA). The C-reactive protein assay was standardized according to the World Health Organization First International Reference Standard with a sensitivity of 0.08 mg/mL. Serum leptin and adiponectin concentrations were measured by radioimmunoassay (Linco Research Inc., St. Charles, MO). Plasma plasminogen activator inhibitor-1 was measured by a two-site enzyme-linked immunosorbent assay (Collen Laboratory, Leuven, Belgium). Covariates.-Sociodemographic variables included age, race, study site, and birth cohort. On the basis of age (70-79 years) at baseline, 10 successive annual birth cohorts were defined. Lifestyle factors included smoking (current, former, and never) and physical activity. Physical activity in the previous 7 days was assessed at baseline; time and intensity level were reported for activities including gardening, heavy household chores, light house work, grocery shopping, laundry, climbing stairs, walking for exercise, walking for other purposes, aerobics, weight or circuit training, and moderateand high-intensity exercise activities. Approximate metabolic equivalent unit values were assigned to each activity category to calculate a weekly activity energy expenditure estimate in kilocalories per kilogram per week (24) . Three categories were created: "exercise": greater than or equal to 1,000 kcal/wk exercise; "lifestyle active" less than 1,000 kcal/wk exercise and greater than or equal to 2,719 kcal/wk total physical activity; and "inactive" less than 1,000 kcal/ wk exercise and less than 2,719 kcal/wk total physical activity (25) . Presence of diabetes and heart disease were determined using standardized algorithms considering self-report, use of specific medications, and clinical assessments.
Statistical Analysis
Multilevel analyses were used to examine the association between fat mass at baseline and change in leg lean mass, muscle strength, and muscle quality in men and women separately. A multilevel analysis is a suitable technique for repeated measurement analyses because it takes into account the correlation between measurements and allows utilizing all available information when examining change in the dependent variable. We defined a two-level hierarchy to form random regression models to describe individual variability in longitudinal change in lean mass, muscle strength, and muscle quality. The first level was defined by age, as the longitudinal time variable, and the second level by respondent. Models included fat mass as well as the interaction between fat mass and age to determine how the association of fat mass with lean mass, muscle strength, and muscle quality changes with time. The first model was adjusted for age, birth cohort, race, site, and height. Physical activity, smoking, diabetes, and heart disease were added to Model 2. Model 3 was adjusted for all variables of Model 1 and adipocytokines, and Model 4 was adjusted for all variables of Model 1 and HOMA-IR. Finally, Model 5 included all variables of the previous models. All models included the individual variable as well as the interaction terms of each variable with age. The intercepts and slope (interaction with age) of fat mass of each model are presented. Analyses were performed using SPSS, version 17.0 (SPSS Inc., Chicago, IL).
Results
Baseline characteristics of the study population are presented in Table 1 . Figure 1 shows changes in lean mass and muscle strength over time by birth cohort. On average, men lost 145 g (0.8%) of leg lean mass per year and women 88 g (0.7%) per year ( Table 2) . Men lost 4.1 Nm (3.1%) and women on average 2.2 Nm (2.6%) of muscle strength per year. The annual decline in leg lean mass and strength did not markedly differ by birth cohort.
The association between baseline fat mass (per SD) and changes in leg lean mass, muscle strength, and muscle quality is shown in Table 3 . Every SD greater fat mass was related to 1.3 kg more leg lean mass at baseline in men and 1.5 kg in women (p < .01). When leg lean mass was normalized for total body weight (leg lean mass/weight), a greater fat mass was related to significantly less normalized lean mass at baseline in both men and women (p < .01, not tabulated). In addition, greater fat mass was associated with a significantly greater decline in leg lean mass in both men and women (0.02 kg per year in men and women, p < .01). This difference in decline remained significant after including healthrelated factors (Model 2), adipocytokines (Model 3), and HOMA-IR (Model 4). After additional adjustment for weight at baseline and follow-up, the difference in decline remained significant (not tabulated). Larger fat mass was related to significantly greater muscle strength but significantly lower muscle quality in both men and women at baseline. No significant differences in decline of muscle strength and quality were found. In additional analysis, we excluded participants with diabetes, which did not change the results. Figure 2 shows changes in leg lean mass, muscle strength, and muscle quality by quartile of baseline fat mass. Those within the upper three quartiles of fat mass had significantly more lean mass at baseline than those in the lowest quartile (p < .01). Additionally, the group of men and women in the highest two quartiles of fat mass lost significantly more lean mass compared with those in the lowest quartile (all p < .04). Muscle strength was also greater in people with more fat mass; however, the rate of decline in muscle strength was not significantly different. Muscle quality, however, was significantly lower in those in the highest quartile of fat mass compared with the lowest quartile of fat mass. Men in the highest quartile of fat mass lost significantly less muscle quality compared with those in the lowest quartile of fat mass (p = .02). There were no significant slope differences in muscle quality in women. Results with muscle strength remained similar after including leg lean mass in the models.
Discussion
This study shows the association between fat mass and 7-year change in leg lean mass and muscle strength. As shown before, the decline in muscle strength exceeds the decline in muscle mass (4,5,26). Over 7 years of follow-up, men lost on average 145 g of leg lean mass (0.8%) per year and women 88 g (0.7%) per year. Furthermore, men lost 3.1% of muscle strength in knee extensors per year and women 2.6% per year. Greater fat mass was related to more leg lean mass at baseline but a significantly greater loss of leg lean mass. The accelerated loss of leg lean mass with greater fat mass was not explained by higher levels of adipocytokines or insulin resistance. Large fat mass was also related to a significantly greater muscle strength but lower muscle quality (strength normalized for leg lean mass). Large fat mass was not associated with a greater rate of decline in muscle strength or muscle quality.
Muscle strength was greatest among the people with the greatest fat mass. Obese individuals not only have a larger fat mass but also greater lean mass and muscle strength; however, as shown in this study, the group with the highest fat mass had the lowest muscle quality at each age. Muscle quality takes into account both muscle strength and muscle mass and is therefore a better indicator for muscle impairment, especially among obese older adults (3). Low muscle strength is a strong predictor of function limitations and disability (2, 5, 6) . The combination of obesity with muscle impairment has been termed sarcopenic obesity and seems to predispose older adults for negative health and functional consequences (27, 28) . A recent study showed that older obese persons with low muscle strength have a particularly high risk of a decline in walking speed and risk of developing mobility limitation (29) . The equal rate of in muscle strength and muscle quality in the different fatness groups observed in this study suggests that differences in muscle strength due to varying fatness level may have occurred before the age of 70. A greater fat mass may have been a result of reduced muscle strength through, for example, reduced physical activity. A recent study shows that long-term exposure to obesity is associated with poor handgrip strength later in life and that the earlier the obesity onset had been, the lower was strength in old age (30) . More studies are needed to disentangle the relationship between fat mass and muscle strength and quality during the life course. We hypothesized that a link between fat mass, muscle mass, strength, and quality could be explained by higher levels of adipocytokines or insulin resistance. Adipose tissue is a metabolically active endocrine organ that secretes many adipocytokines (14) . Cytokines may have a catabolic effect on muscle, and studies have related cytokines to decline in muscle mass (31) and strength (16, 32) . Furthermore, obesity is associated with reduced insulin action that may have a procatabolic effect on muscle (33) . In the present study, adipocytokines and insulin resistance did not explain the accelerated decline in muscle mass that was associated with greater fat mass nor the association between fat mass and muscle strength. There are also other pathways through which fatness might be related to lean mass and muscle strength. Ectopic adipose tissue may exert a paracrine function (34) on muscle mass (and thereby muscle strength), for example, increasing local inflammation that is not necessarily translated into increased systemic inflammatory marker levels. Furthermore, hormones, such as testosterone and growth hormone, have also been related to both fatness and lean mass and strength (35, 36) and could possibly mediate the association between fat mass and lean mass and muscle strength. Finally, physical inactivity is related to both fatness and low lean mass and muscle strength (37) (38) (39) (40) and may therefore mediate the association between fat mass and lean mass and muscle strength. In our study, however, including physical activity together with other potential confounders/ mediators did not significantly alter our results.
Some limitations of our study have to be considered. Our results cannot be generalized to all older adults because study participants were 70-79 years old and well functioning at baseline. Second, using multilevel analyses, we included all participants with at least two measurements of leg lean mass and muscle strength and included people with missing observations. People with full data on muscle mass and strength on all measurements were significantly younger and had more leg lean mass (men only), greater muscle strength, and greater muscle quality at baseline compared with persons with one or more missing observations (data not shown). Persons died during the follow-up, and people had missing data because they were not able to come to the clinic for the assessments because of health problems. It is likely that body composition changes were more unfavorable in people with missing follow-up assessments due to health problems; therefore, we may have underestimated the association between fatness and changes in leg lean mass and muscle strength.
Factors that predict age-related decline in lean mass and muscle strength are not well understood. In this study, we Notes: CRP = C-reactive protein; HOMA-IR = homeostasis model assessment; IL-6 = interleukin-6; PAI-1 = plasminogen activator inhibitor-1; TNF-a = tumor necrosis factor-a.
* SD for fat mass in men: 7.07, SD in women: 9.10. † Model 1 adjusted for age, birth cohort, race, site, height, and interaction between each covariate and age. ‡ Model 2 adjusted for age, birth cohort, race, site, height, physical activity, smoking, diabetes, heart disease, and interaction between each covariate and age. § Model 3 adjusted for age, birth cohort, race, site, height, IL-6, CRP, TNF-a, leptin, adiponectin, PAI-1, and interaction between each covariate and age. || Model 4 adjusted for age, birth cohort, race, site, height, HOMA-IR, and interaction between each covariate and age. ¶ Model 5 adjusted for age, birth cohort, race, site, height, physical activity, smoking, diabetes, heart disease, IL-6, CRP, TNF-a, leptin, adiponectin, PAI-1, HOMA-IR, and interaction between each covariate and age.
show that obesity (high fatness) is associated with lower muscle quality, and it predicts accelerated loss of lean mass. Prevention of greater fatness in old age may decrease the loss of lean mass and maintain muscle quality and thereby reducing disability and mobility impairments. 
